ABSTRACT: Size-fractionated chlorophyll a (chl a) biomass and primary production rate (>3 pm, 1-3 pm and < l pm) and picophytoplankton abundance (both prokaryotic and eukaryotic) were investigated in Southampton Water (south coast of England), with routine sampling at 2 stations, representative of conditions in the mid and outer estuary. In the mid estuary the cycle of chl a biomass in the >3 pm size fraction was characterized by a small spring peak and a more intense summer peak. In the outer estuary a chl a maximum in the >3 pm size fraction occurred in spring; phytoplankton in this size fraction may have been nutrient limited in summer at this station. Phycoerythrin-containing picocyanobacteria, eukaryotic picophytoplankton cell numbers, and chl a biomass and primary production rate by the < l pm size fraction all showed a positive correlation with temperature and peaked during summer at both stations. The 1-3 and < l pm size fractions contributed around 14 and 6%, respectively, to the estimated annual rate of depth-integrated plankton community primary production. These results suggest that the impact of the photosynthetic picoplankton diminishes in an increasing eutrophication gradient, from offshore (>50%) to coastal (ca 20%) and estuarine waters (<10%). This pattern in relation to a eutrophication gradient was also apparent on a seasonal basis, the < l pm fraction having its maximum significance at times of lowest overall chl a concentration. It is thus suggested that factors limiting growth and accumulation of larger phytoplankton are the primary cause of an increase in the relative significance of picophytoplankton.
INTRODUCTION
The measurement of planktonic primary production is critical to the examination of carbon flow dynamics in the marine environment. Determination of the size distribution of this primary production is also important as it is intimately related to the fate of the carbon fixed, since trophic interactions and sinking rates are sizedependent parameters (Malone 1980 , Goldman 1988 . Knowledge of the relationship between environmental parameters and phytoplankton size distribution is a vital step towards a comprehensive analysis of the 'Present address: Ekologi Laborategia, Zientzi Fakultatea, Euskal Herriko Unibertsitatea (UPVEHU) PK 644, E-48080 Bilbao, Spain spatio-temporal variability in the community structure of the water column biota.
In recent years particular attention has been paid to the primary productivity of the picoplankton (sensu Sieburth et al. 1978) , a size ;(.lass originally believed to be comprised almost exclusively of heterotrophs (Sorokin 1971) , but in the last decade shown to contain a significant photosynthetically active component (Li et al. 1983 , Platt et al. 1983 , Smith et al. 1985 ), i.e. minute chroococcoid cyanobacteria (Johnson & Sieburth 1979 , Waterbury et al. 1979 , prochlorophytes (Chisholm et al. 1988) and eukaryotic algae of similar size (Murphy & Haugen 1985 , Kuosa 1988 . The photosynthetic picoplankton has been shown to be a major contributor to the overall plankton community primary production rate and chlorophyll a (chl a) bio-mass (>50%) in oligotrophic open ocean tropical and 1984, Ray et al. 1989) . In the present study the abunsubtropical waters (Gieskes et al. 1979, Platt et al. dances of both PE-containing picocyanobacteria and 1983, Odate & Maita 1988) . This size class, however, eukaryotic picophytoplankton were investigated. has been suggested to be less important in more eutrophic coastal areas , Ssndergaard et al. 1991 . Despite the considerable effort made in the METHODS last decade with respect to the abundance, metabolic activity and impact of the picophytoplankton in the Sampling protocol. Southampton Water is a partially sea, it is evident that estuarine areas have been as yet mixed temperate estuary 10 km long and 2 km wide little studied in relation to picophytoplankton dynamwith a maximum depth of about 10 m below mean tide. ics, with virtually no information on primary producSampling was performed at 2 stations, NW Netley tion rate by the < 1 pm size fraction.
buoy, located approximately in the middle of the estuIn the present study we examined the size distribuary, 1.5 km southeast of the confluence of the Test and tion of chl a biomass and primary production rate and Itchen river estuaries, and Calshot Spit buoy, situated the abundance of picophytoplankton in Southampton at the mouth of Southampton Water (8 km southeast of Water, a coastal plain estuary on the south coast of NW Netley) (Fig. 1) . Sampling took place from January England. The spatio-temporal trends of variation of to October 1990 at high water, taking advantage of the these variables, and hence the influence of environunusual tidal regime in this estuary, i.e. a double high mental parameters (e.g. temperature, nutrients, irradiwater separated by a young flood stand of about 2 h. ance) on the size distribution of phytoplankton was to At each station vertical profiles of temperature and be investigated. For this purpose 2 sampling locations salinity were obtained using an in-house built digital with clearly different physico-chemical conditions thermo-salinometer (model MK l ) , and Secchi disk were chosen to be representative of the mid and outer depths were also recorded. The latter were converted estuary.
to extinction coefficients according to Pilgrim (1987) . In open ocean waters, the concentration of phycoWater samples were collected with a 2 1 Van Dorn erythrin (PE)-containing picocyanobacteria (typically bottle at 3 depths (1, 4 and 6 m at NW Netley and 1, 4 107 cells I-') has been claimed to be about an order of and 8 m at Calshot Spit), and the water from the 3 magnitude higher than that of eukaryotic picophytodepths at each station was combined. From the complankton (typically 106 cells 1-l) (Murphy & Haugen posite sample 100 m1 was preserved in 1% glutaralde-1985), although at times the eukaryotic component has hyde for photosynthetic picoplankton cell counts. Furbeen shown to be dominant (Li & Wood 1988) . It has ther duplicate subsamples of 100 to 300 m1 were been suggested that in estuarine waters the biomass filtered serially through 3 pm (occasionally 5 pm), 1 pm of eukaryotic picophytoplankton is frequently more and 0.2 pm polycarbonate Nuclepore filters (47 mm important than that of picocyanobacteria (Sieburth diameter) Sinclair (1978) . Size-fractionated chl a and carbon uptake measurements were carried out from April to October 1990.
Picophytoplankton cell counts. PE-containing picocyanobacteria and eukaryotic picophytoplankton cell counts were performed on 3 pm polycarbonate Nuclepore filtrates, using a Zeiss epifluorescence microscope. Orange and red autofluorescent cells retained on 0.2 pm polycarbonate Nuclepore filters were counted (not less than 100 cells) in 30 to 100 non-overlapping f~elds of an eyepiece counting grid. Counts were made within 24 to 30 h after sampling to avoid fading of autofluorescence.
Chlorophyll a analysis. Chl a was determined fluorometncally in 90 % acetone, overnight extracts, using an Aminco fluorocolorimeter. Values were estimated correcting for phaeopigments, as described in Parsons et al. (1984) . The coefficient of variation of the chl a measurements was on average 13.1 % (SD * 16.2 %).
Nutrient analysis. Nitrate plus nitrite concentration was determined by flow injection analysis (Johnson & Petty 1983) . Phosphate concentration was measured using a calorimetric method as detailed in Parsons et al. (1984) . The coefficient of variation of the nitrate plus nitrite and phosphate measurements was on average 0.5 %.
Carbon fixation rate. Primary production rate measurements were made using the I4C technique (Steemann Nielsen 1952) . '4C-sodium bicarbonate was added to each incubation bottle to a final activity of 0.032 pCi ml-'. Fractionation was performed postincubation by serial filtration through 3 pm (occasionally 5 pm), 1 pm and 0.2 pm polycarbonate Nuclepore filters, and the zei-o-time blank protocol (Li 1986 ) was adopted Radioactivity was measured on a Beckman L.S. 3100 series scintillation counter. Counting efficiency was determined by the external standard channels ratio method The coefficient of variation of replicate measurements was on average 14.5% (SD * 13.9 %).
Daily water-column-integrated rates of primary production were estimated as follows. From the light extinction the depths of 100, 58, 28, 10 and 5.2 % incident irradiance were estimated. To obtain values of whole water-column production the carbon fixation rate at the bottom of the water column was estimated. For this purpose the equation of Platt et al. (1980) including the photoinhibition parameter was fitted to the photosynthesis versus irradiance data as described in Garcia & Purdie (1992) and from the photosynthetic parameters thus obtained, carbon uptake rate was estimated at the irradiance reaching the bottom of the water column. Total rates of carbon fixation for the experimental incubation penod were then integrated with depth down to the bottom of the water column. Daily integrated rates were calculated by multiplying by a factor expressing the ratio between daily available irradiance and irradiance available during the experimental incubation as recommended by BIO-MASS (O'Reilly & Thomas 1983) .
Although fractionation data were only available from April to October, an attempt was made to estimate annual production rates in order to evaluate the percentage contribution of the various fractions to an annual integrated value of carbon fixation rate. Chl a concentration measurements from unfractionated samples showed levels to be very similar during the sampling visits in January, February, March and the first week of April. It was thus assumed that the pre-bloom April value of carbon uptake rate could be taken as representative of winter levels and this value was then adjusted to the monthly mean irradiance level and the number of days in each month to obtain the estimates for the 3 winter months, January, February and March. No chl a values were obtained for the autumn months of November and December; however, previous studies have shown chl a values to be fairly similar from October to December in this estuary (Bryan 1979 , Kifle & Purdie 1993 . It was thus assumed that the October value is representative of the late autumn months and monthly rates of carbon uptake were estimated as for the winter values. For the rest of the year most of the measurements were taken approximately every 2 wk, and each was considered as representative for that period. The values of carbon uptake rate were then adjusted for the total irradiance over those 2 wk periods.
RESULTS

Abiotic parameters
The mean water column temperature recorded from January to October varied between 8.4 and 20.8"C, and salinity ranged from 30.8 to 34.8 ppt.
Vertical profiles of both salinity and temperature showed the water column to be well mixed at high tide throughout the entire sampling period at Calshot Spit (Fig. 2 ) . At NW Netley, however, a salinity gradient of up to 5.5 ppt in the top 4 m was consistently found during the winter months, up to the first week of April. Temperature distribution at both stations was rather more homogeneous with depth.
Values of mean surface mixed layer irradiance are presented in Table 1 . Riley (1967) suggested phytoplankton require a threshold surface mixed layer irradiance of ca 40 g cal cm-2 d-' (ca 3.27 E m-' d -l ) for a pronounced increase in growth rate to occur. At Calshot Spit this threshold value was achieved by April ( 
Chlorophyll a concentration
At the mouth of the estuary the seasonal distribution of chl a in unfractionated samples showed low winter values followed by a spring peak during the last week of April and intermediate concentrations during summer, dropping to pre-spring bloom levels by October (Fig. 3) . The size-fractionated chl a distribution showed this spring peak to be dominated by the > 3 pm size fraction (9.72 mg m'3) ( Table 2 ) and microscopic examination revealed the prymnesiophyte algae Phaeocystis sp. and chain-forming diatoms of the genus Chaetoceros to be the dominant phytoplankters (D. Kifle pers. comm.). At NW Netley winter chlorophyll values were also low and the spring peak was not recorded until the first week of May (Fig. 3) . This spring peak at NW Netley was also dominated by the > 3 pm size fraction (8.69 mg m-3) with Phaeocystis and Chaetoceros as the major contributors. Unlike at Calshot Spit, the chl a concentration exhibited high values during summer at NW Netley, with a maximum of 18 mg chl a m-3 recorded on 2 August. This peak of chl a was mainly due to the > 3 pm size fraction (Table 2 ) and was dominated by the phycoerythrin-containing phototrophic ciliate Mesodinium rubrum, which was observed to aggregate, forming dense red patches irregularly distributed along the upper-mid estuary. At NW Netley the chl a concentration corresponding to the 1-3 pm fraction exhibited 2 major peaks of about 2 mg m-3, coinciding with the Phaeocystis sp. bloom in May and the Mesodinium peak in August. The unavoidable use of 5 pm filters instead of 3 pm filters on 2 occasions (22 May and 31 August) may have contributed to the apparent slight increase in chl a concentration observed in this fraction on these dates. Levels of chl a outside the 2 major peaks and when 5 pm filters were used were in the range 0.05 to 0.2 mg chl a m-3. The chl a contained in particles passing through 1 pm filters was low during late winter and spring (0.04 to 0.08 mg chl a m-3), increasing during the summer (June to September) with a maximum of 0.56 mg chl a m-3 recorded coinciding with the red water event in August.
At Calshot Spit the pattern of variation of the < 1 pm fraction was approximately analogous to that at NW Netley, with high values during summer, except that no outstanding peak was recorded in August. For the fraction passing through 3 pm filters and retained on 1 pm filters, highest values (0.79 and 1.18 mg chl a m-3) were recorded during the 2 sampling visits in May. In summer, concentrations of about 0.5 n~g chl a m-3 were measured during August, coinciding with the use of 5 pm filters. For the rest of the sampling period concentrations around 0.1 mg chl a m-3 were determined.
The comparison of total chl a determined by summing up the various fractions and by whole sample filtration onto GF/F filters yielded an average deviation of 16% (SD 5 12%).
The temporal variation of the contribution by each fraction to the phytoplankton community chl a concentration is shown in Table 2 . The chl a retained by 3 pm filters was the dominant fraction throughout the entire period of study, both at NW Netley [72.3 to 95.9% of the sum of fractions, mean 85.7 % (SD +?.?)l and at tion to the whole sample chl a concentration showed the < 1 pm fraction to be least significant during the spring blooms at both stations with a tendency to become more prominent during winter and autumn and also during periods of lowest overall chl a biomass in summer, i.e. during June, at NW Netley. At Calshot Spit differences between autumdwinter and summer were not as marked. In the 1-3 pm fraction the percentage contribution varied in much the same way as the actual concentration of chl a for both stations.
A plot of the percentage contribution by the < 1 pm fraction against the total (sum of fractions) chl a concentration (Fig. 4) suggested an inverse exponential relationship.
Carbon fixation rates Size-fractionated carbon fixation rates and the percentage contributions of each size fraction to the total are presented in Table 3 . At NW Netley, rates ranged It was observed that the 1-3 and the < l pm fractions made, in general, a higher contribution to carbon uptake rate than to chl a concentration (i.e. the majority of values are above the X = y line in Fig. 5B, C) . The reverse was the case for the >3 pm fraction (Fig. 5A) .
The estimates of monthly carbon uptake rates (sum of fractions) showed August to be the most productive month at the mid estuary station; in contrast, at the outer station April was the most productive month. The total annual rate of carbon uptake (sum of fractions) was estimated to be 177 and 130 g C m-2 yr-' for NW Netley and Calshot Spit respectively (Table 4) . The distribution by fractions of the annual rate of carbon uptake was similar at both stations and showed the >3 pm fraction to account for 80.7 and 82.8% at NW Netley and Calshot Spit, respectively, the 1-3 pm fraction to contribute to 13.1 and 10.9 % at NW Netley and Calshot Spit, respectively, and the < l pm fraction to represent 6.2 and 6.3 % at NW Netley and Calshot Spit, respectively (Table 4) . A distribution by fractions for each season is presented in Table 5 . It is apparent that the > 3 pm fraction was dominant in all seasons (>65 %). The maximum contribution from this fraction was determined in spring (85.1 and 85.8 % at NW Netley and Calshot Spit, respectively). For the 1-3 pm fraction the lowest contribution was measured in spring (8.9 and 10.2 % at NW Netley and Calshot Spit, Relationship between the percentage contribution to the total depth-integrated daily rate of carbon fixation (i.e. sum of fractions) and to the total chl a biomass (sum of fractions) for (A) the > 3 pm (B) the 1-3 pm and (C) the < l pm size fractions, as determined from samples collected at NW Netley (e) and Calshot Spit (0) respectively) and maximum values were estimated in autumn and winter (up to 18.7 X). At NW Netley, autumn and winter were the periods when the < l pm fraction was most significant (>l0 %). At Calshot Spit, however, summer appeared to be the season when the < l pm fraction made the most significant contribution (9.4 % ) . The distribution by seasons of the annual rate 
Picophytoplankton: phycoerythrin-containing picocyanobacteria and eukaryotic picophytoplankton PE-containing chroococco~d cyanobacteria cell numbers varied from 2 X 104 to 1.3 X 107 cells 1-' at the 2 stations in the estuary. The seasonal distribution showed a distinct peak during midsummer at both stations (Fig. 6B) . At Calshot Spit the PE-containing picocyanobacteria were maintained at high concentrations for a longer period (sampling dates from late June to August) than at NW Netley (sampling date in July). PE-containing picocyanobacteria and temperature were significantly correlated, but the correlation was not very strong [r2 = 0.487 for N W Netley and r2 = 0.331 for Calshot S p~t (p < 0.05)). There was no positive significant correlation between PE-containing picocyanobacteria cell density and nitrate plus nitrite or phosphate concentration. PE-containing picocyanobacteria cell numbers were significantly correlated between stations (r2 = 0.561, p < 0.01). Concentrations of eukaryotic algal cells passing through 3 pm filters ranged from 8 X 104 to 1.3 X 10' cells 1 -l (Fig. 6A ). An outstanding peak of < 3 pm eukaryotic cells was observed in May, coinciding with the bloom of Phaeocystis. These cells cannot be considered as true picophytoplankters, however, since the vast majority were cells of Phaeocystis liberated from disrupted colonies, and this value has not been included in Fig. 6A . Peaks of 'true' eukaryotic picophytoplankters were recorded in August: 1.3 X 10' and 6 X 106 cells 1-' at NW Netley and Calshot Spit, respectively. From June to October the eukaryotic picophytoplankton population was dominated by minute forms, ca 1 pm in diameter. The seasonal trend of variation was very similar at both stations and there was a high correlation between eukaryotic picophytoplankton at NW Netley and Calshot Spit (r2 = 0.632, p < 0.001). Similar to the PE-containing picocyanobacteria, the eukaryotic picophytoplankton cell density showed no positive significant correlation with nitrate plus nitrite or phosphate concentration.
DISCUSSION
Methodology
For the discrimination of size-specific rates of activity and biomass indicators (e.g. chl a , particulate organic carbon, ATP) physical fractionation by differential filtration is the most widely used method. Despite its simplicity and widespread use, precise control of the filtration technique is difficult, since the effectiveness of the size separation is influenced by a variety of factors, such as the filter type, vacuum and characteristics of the particles in the sample (e.g. cellular shape, fragility and flexibility of cells and particle density). In the present study conducted in Southampton Water, during the colonial Phaeocystis bloom in May, colony disruption is likely to have occurred during filtration, since passage of some cells through 3 pm pore sized filters was apparent. Thus the cell number and chl a concentration measurements included some of these cells as part of the 1-3 pm fraction. Size-fractionated carbon uptake measurements may also include inaccuracies, since colonial Phaeocystis accumulates an appreciable amount of its organic carbon in the colony matrix (Lancelot et al. 1986) , and if the colonies are disrupted, the mucilaginous substances of the matrix solubilize, passing through the filters and giving spuriously large values of excretion rate (Lancelot 1983) .
During the summer the presence of Mesodinium rubrum (ca 40 pm in diameter; D. Kifle pers. comm.) also posed some interpretative difficulties. The ciliate is well known for its extreme fragility (Lindholm 1985) and there is evidence for cell rupture dunng incubation in bottles and during filtration (Throndsen 1978 , Smith & Barber 1979 . It is likely that cell fragments of this organism may have caused some overestimation of chl a in the 2 smallest fractions. However, the high chl a concentration will have caused some clogging of the fllter and may have partly neutralized this effect. These effects are hardly quantifiable (Jochem 1989) and some caution should be exercised in the interpretation of the results.
Despite these fractionation difficulties, the seasonal variation of carbon fixation rate in the < 3 pm size fraction [i.e, sum of 1-3(5) pm + < l pm fractions] in general terms followed the succession observed in total picophytoplankton (i.e. PE-rich picocyanobacteria + eukaryotic picophytoplankton) cell numbers (Fig. 7) . As we can see from Fig. 7 , the slight discrepancies in magnitude were mainly observed during the Phaecystis bloom in May at Calshot Spit and during the Mesodinium rubrum bloom in July at NW Netley. The seasonal distribution of size-fractionated carbon fixation rate, in turn, closely followed the changes in sizefractionated chl a concentration.
Additionally it should be noted that the use of a 3-depth combined sample (adopted in view of logistic limitations) provides information which can be considered as an average representation of the water column. However, it does not account for the possible differences in the size distribution of phytoplankton at different depths. The protocol adopted is less likely to have affected the results obtained in samples from Calshot Spit, however, as at this station the water column was well mixed throughout the entire sampling period, but introduces some uncertainty in relation to measurements made in samples from NW Netley at times when the water column was stratified.
Photosynthetic picoplankton
In the marine environment PE-containing chroococcold cyanobacteria are typically reported in concentrations of the order of 107 cells 1-' (Platt et al. 1983 , Murphy & Haugen 1985 , Glover et al. 1986 ). In coastal and inshore areas seasonal peaks generally attain 10' cells 1-' (El Hag & Fogg 1986 , Shapiro & Haugen 1988 , Hargraves et al. 1989 ). Levels of PE-containing picocyanobacteria recorded in Southampton Water were within the range generally reported in the marine environment, but peaks of only 1.5 X 107 cells 1-' were reached in the summer. Low summer maxima of 4 X 107 cells 1-' and around 2 X 107 cells I-' have also been measured in Funka Bay (Japan) and in a Chesapeake areas, but their relative productive importance seems to be somewhat lower than in (Jochem 1989 , Madariaga & Orive 1989 , Ray et al. 1989 , although these studies include measurements for different periBay sub-estuary (USA), respectively (Odate 1989, Ray ods of the year and thus estimates are not strictly interet al. 1989) .
comparable. In the present study values of around 17 Although data on eukaryotic picophytoplankton to 20% for the c 3 pm fraction and 6% for the < l pm abundance are scant in the literature, 106 cells 1-' has size fraction were determined. There are virtually no been suggested as a typical cell density (Murphy & data in the literature for the significance of the c 1 pm Haugen 1985, Kuosa 1988) . However, in coastal and size fraction in estuaries. The value of 6% obtained in estuarine waters sporadic blooms of greater magnitude this study shows the relatively minor importance of (up to log cells I-') are not uncommon (Wilhelm et al. picophytoplankton in temperate estuarine waters in 1982, Hargraves et al. 1989 ). In agreement with obsercomparison to their impact on the primary production vations in other studies in estuarine areas (Sieburth in oceanic oligotrophic waters, where the c 1 pm size 1984, Ray et al. 1989 ) eukaryotic picophytoplankton fraction has been shown to account for up to 80% of biomass was at times larger than that of picocyanothe plankton community rate of carbon uptake and bacteria, a pattern which has also been observed in chl a biomass (Li et al. 1983 , Legendre et al. 1988 , oceanic waters (Li & Wood 1988 , but which does not Odate & Maita 1988) . conform with the typical conditions found in these A comparison among size fractions showed clearly waters (Murphy & Haugen 1985) .
that the c 1 pm size fraction accounted for a larger proProchlorophytes were not enumerated in the present portion of total carbon fixation rate than of total chl a study. However, although there is virtually no informabiomass. This can be interpreted that chl-a-specific tion on their impact in estuarine waters, they have rates of primary production are higher for the < l 'pm been shown to be a very minor component of the fraction than for the larger fractions and is likely photosynthetic picoplankton in coastal waters (Selmer related to the physiological advantages derived from et al. 1993).
the extremely small size, mainly a higher efficiency of photon absorption and of nutrient uptake (Caperon & Meyer 1972 , Raven 1986 ). These higher chl-specific rates of carbon uptake for the < 1 pm size fraction have been observed in other studies in coastal and oceanic waters (Platt et al. 1983 , Smith et al. 1985 , Howard & Joint 1989 . However, analytical bias related to poor extraction of chlorophyll from cyanobacteria (Stauffer et al. 1979 ) cannot be ruled out , Howard & Joint 1989 , and disagreements between values for chl concentration in the < l pm size fraction calculated by size fractionation using differential filtration and by estimating picoalgal biovolumes and using C:volume and C:chl a conversion factors have been reported (Ssndergaard et al. 1991) .
Factors controlling the seasonal size distribution of phytoplankton
The clear differences in the seasonal distribution of chl a biomass and primary production rates observed for the various phytoplankton size classes examined showed that the factors controlling their seasonal cycles were also different.
The fact that at NW Netley irradiance was non-limiting for phytoplankton growth as early as March (sensu Riley 1967) , together with the observation that during the April maximum of chl a at Calshot Spit (15.7 mg m-3) the level at NW Netley reached only 4.9 mg m-3, suggests that the Phaeocystis bloom was brought into the estuary with the tidal incursion. It can be hypothesized that light and temperature were probably adequate to trigger a bloom of the rnicrophytoplankton offshore, but the low residence time of the water in the estuary hindered the growth of an autochthonous population of Phaeocystis until later in the season. The estuarine flushing time has previously been suggested to be the primary determinant of bloom development in this estuary (Souza Lima & Williams 1978 , Bryan 1979 , Kifle & Purdie 1993 and results from the present study suggest this was probably true for phytoplankton in the >3 pm size fraction.
The observation that during the summer chl a concentrations in the >3 pm fraction in the outer estuary were much lower than at the mid estuary station can be interpreted in relation to a stronger dilution effect by the offshore water coming in with the tidal incursion at the mouth of the estuary, water which is poorer in nutrient concentration and phytoplankton biomass (Collins 1978 , Bryan 1979 ). Nitrogen did not appear to be limiting for phytoplankton growth at either of the 2 stations during summer, since, although ammonia levels were not monitored during this study, nitrate plus nitrite concentration alone was above the level that can be considered as limiting (sensu Fisher et al. 1988) . However, phosphate concentrations were ~0 . 5 FM during the summer at Calshot Spit, levels which may have limited the growth of phytoplankton > 3 pm (sensu Fisher et al. 1988) .
In contrast, the picophytoplankton cell concentration (both prokaryotic and eukaryotic) and the chl a biomass and production rate by the < l pm size fraction all peaked in summer at both stations. Small phytoplankters have generally higher biomass-specific growth rates than larger phytoplankton (Banse 1976 , Langdon 1988 , and should theoretically be more succesful than the latter at both saturating and subsaturating levels of irradiance and nutrients. The question is then, why in spring, when physico-chemical conditions (i.e. temperature, irradiance, flushing time, nutrients) were adequate to trigger a bloom of microphytoplankton, did the biomass of picophytoplankton apparently not show a substantial increase?
Based both on seasonal and latitudinal variations many workers have been able to establish a positive relationship between abundance of picocyanobacteria and temperature (Murphy & Haugen 1985 , El Hag & Fogg 1986 , Waterbury et al. 1986 , Jochem 1988 , Odate 1989 . However, this correlation was not very strong in the present study. As observed in other areas [e.g. Menai Straits (N. Wales) and Irish Sea; El Hag & Fogg 19861, the increase to a maximum concentration of picocyanobacteria occurred rather suddenly, and suggests that although temperature may exert an influence, it is unlikely that a direct effect of temperature on the physiology of Synechococcus spp. is the only factor determining variations in its distribution and abundance. Furthermore, levels of Synechococcus greater than 106 cells 1-' have been recorded in the Arctic at temperatures below 0°C (Smith et al. 1985) and Shapiro & Haugen (1988) reported a winter peak of Synechococcus concentration in Boothbay Harbor (Maine, USA). In this case the existence of a cold northern race with low temperature tolerance has been suggested as a possible explanation (Shapiro & Haugen 1988) .
We have no data in the present study on concentrations of possible consumers of picophytoplankton and their grazing rates, but it has been suggested that picophytoplankton are possibly more tightly controlled by grazing than larger phytoplankton (Goldman 1988 , Thingstad & Sakshaug 1990 , Ssndergaard et al. 1991 . Peaks of picocyanobacteria in summer may be explainable as transient imbalances between growth rates and grazing rates at times when the temperature-enhanced growth rates of picocyanobacteria can outpace nanoheterotrophic grazing rate and/or the increased food concentration for nanoflagellates (i.e. increased bacterial concentration in summer) results in a release in grazing pressure on picocyanobacteria. Furthermore, nanoflagellates themselves are probably under greater grazing pressure by microzooplankters during summer (e.g. McManus & Fuhrman 1990 ).
An important difference to note is that whllst it is possible that larger phytoplankton were phosphate limited in the outer estuary during summer, the < l pm size fraction was clearly neither phosphorus nor nitrogen limited. An inverse relationship between primary production rate by the picophytoplankton and the nutrient concentration has already been noted in coastal areas (e.g. Funka Bay; Maita .
When analyzing the contribution of the < l pm size fraction to total plankton community chl a biomass and primary production rate, it is evident that thls was highest dunng periods of low overall chl a biomass and primary production rate. This trend of variation observed on a seasonal basis has also been observed for chl a biomass on a spatial basis in Southampton Water (Iriarte 1993 ). As we can see from Table 6 this is a very generalized pattern, which is manifested both in spatial (small and large scale) as well as in temporal gradients. From data presented in Table 6 we can broadly say that in the marine environment photosynthetic picoplankton is usually the dominant fraction of the phytoplankton (>50 %) in waters where total chl a concentration is less than 0.5 mg m-3. At levels of 0.5 to 1 mg m-3 of total chl a the photosynthetic picoplankton accounts for 20 to 50% of the total chl a concentration.
Between 1 and 5 mg m-3 total chl a biomass, the picoplankton fraction is generally responsible for 5 to 20 % of it and at high concentrations of total chl a (i.e. > 5 m g m-3) the photosynthetic picoplankton becomes a minor component (i.e. ~5%). From these considera- 2.5 -< 1 6.5 Concepcion Bay Gonzalez et al. (1989) 1 11.6 -< 1 1.5 (Chile) 6-13 9-256 < 1 17-3 Southampton Iriarte (1993) 1 1-6 11-53 < 1 3-9 Water estuary 0.9-3.1 -< 1 1.5-7.8 Upwelled waters Herbland et al. (1985) off Ivory Coast aDerived from equation in their Fig 3   l tions it c a n b e suggested that l a r g e variations in overall phytoplankton biomass and primary production a r e mainly controlled by variations in biomass of phytoplankton larger than picoplankton, a n d that therefore t h e relative contribution of the different size classes, i.e. t h e size structure of t h e phytoplankton community, is primarily influenced by t h e concentration of phytoplankton larger t h a n picoplankton. Results from other studies h a v e also suggested these conclusions ( O d a t e & Maita 1988, Gonzalez e t al. 1989, S s n d e r g a a r d e t al.
1991, Iriarte & Purdie 1993) . Factors limiting t h e accumulation of l a r g e phytoplankton cells t h u s a p p e a r to b e t h e primary determinants of a n increase in t h e relative significance of picophytoplankton. Modelling studies h a v e suggested that a b o v e a certain nutrient concentration t h e increase i n nutrient input is a main controlling factor for t h e increase in t h e relative importance of l a r g e phytoplankton (Thingstad & S a k s h a u g 1990). I n a g r e e m e n t with this consideration, i n Southampton Water in t h e outer a r e a of t h e estuary, t h e significance of picoplankton w a s greatest d u r i n g s u m m e r , w h e n l a r g e phytoplankton w e r e possibly nutrient limited. In t h e inner station, however, both nitrogen a n d phosphorus w e r e a t non-limiting concentrations during t h e entire sampling period a n d t h e <l p m fraction r e a c h e d its highest contribution to overall plankton conununity primary production rate duri n g a u t u m n a n d winter, w h e n it is likely that irradiance b e c a m e comparatively m o r e limiting to larger t h a n to smaller phytoplankton cells. C h a v e z (1989) h a s found low concentrations of l a r g e diatoms i n d e e p -s e a upwelling a r e a s a n d h a s suggested that t h e a b s e n c e of s e e d cells d u e to t h e a b s e n c e of a continental shelf is m o r e decisive than t h e nutrient limitation in determini n g t h e dominance of small phytoplankton in d e e p -s e a waters.
